Alcohol (ethanol) is unique among drugs of abuse in administration of ethanol to rats. One such study has reported dose-dependent effects of ethanol on local several aspects. It is a very weak drug, with a potency requiring doses in gram per kilogram amounts, whereas cerebral glucose utilization, assessed by performing receptor autoradiography on brain slices harvested most drugs are potent in the milligram or even microgram per kilogram range. Nonetheless, approxilater. 5 Low doses tended to stimulate brain activity in mesocorticolimbic and nigrostriatal dopaminergic cirmately 10% of the adult male population of the United States manages to ingest sufficient doses to achieve a cuits, while higher doses depressed activity in many brain areas, including sensory, motor, and limbic areas. level of social and physiological disruption earning them a diagnosis of alcoholism, a substantially higher Hippocampal activity followed this inverted U-shaped pattern, which is typical of the effects of alcohol on percentage than for abuse of other drugs (except nicotine). Many more drink abusively with widespread motor responses. 6 One difficulty with this approach is its limited spatial resolution. While 2-DG studies offer deleterious effects on their health. Alcohol is also unique in that its specific molecular targets remain excellent discrimination of brain regions, it may not be clear whether neurons or glia are affected, and the elusive, despite approximately 25 years of concentrated basic research on its mechanisms of action. Prospecific parts of active cells cannot easily be distinguished. gress toward identifying these targets is frustrated by the uncooperative nature of the drug. It appears not to
The protooncogene c-fos forms part of a transcriptional regulatory complex, activator protein 1 (AP-1), engage in specific and orderly binding reactions with neural receptors, as do all the other principal drugs of which binds to promoter sites and thus regulates many other genes. 7 c-fos expression is induced by many abuse, although it selectively modulates binding reactions in specific neurotransmitter systems (see second messengers in response to a wide variety of stimuli, such as drug-induced seizures. 8 Because c-fos reviews).
1-3 Perhaps related to the low potency and lack of receptor binding is its apparently ubiquitous induction by external stimuli is rapid and transient, induction of expression of such an Immediate Early action throughout many if not all regions of the brain.
Researchers attempting to identify the specific brain Gene (IEG) can be used to identify which brain structures are activated by a particular stimulus. In a paper circuits affected by alcohol have begun to use gene expression and neuroimaging techniques. One techfrom this issue, Ryabinin and his colleagues 9 have used IEG expression to study the localization of ethanol's nique is to use positron emission tomography (PET) to study acute alcohol effects on brain metabolism and effects in rat brain. For a number of reasons, their findings are provocative, and suggest that this method may blood flow. Several studies have used this approach to chart the time-course of withdrawal in alcoholics (see provide a strategy powerful enough to localize ethanolresponsive circuitry in the brain. The rest of this article review). 4 In general, these studies have shown reduced brain metabolism in alcoholics, with a recovery over attempts to place their results in context, and suggest some future advances that may emerge from this weeks to control levels. It is interesting that individuals with a family history of alcoholism, who are known to approach.
In an early study of IEG expression, mice chronically be at markedly higher risk, appear to have reduced brain metabolism as well. 4 However, human PET studfed ethanol displayed handling-induced convulsions upon withdrawal. These were accompanied by 40-fold ies cannot offer the spatial resolution required for identifying specific cells and circuits responsive to increases in c-fos mRNA in hippocampus, as compared to 6 to 10-fold increases in cortex or cerebellum. Howalcohol.
Another technique is to administer a bolus injection ever, no increases were seen in mice that were withdrawn but were not handled, and therefore did not disof 2-[ 14 C]deoxyglucose (2-DG) shortly after acute play convulsions. 10 In another study, when rats were continuously exposed to ethanol vapor for 7 days and then withdrawn, c-fos mRNA was found to be elevated features of this paper include careful attention to methodological issues, exploration of two doses of pattern of regionally-specific increases in expression was mimicked by an acute NMDA injection. 11 These ethanol, the comparison of acute vs chronic alcohol exposure, and the examination of 38 specific brain results suggest that chronic ethanol may exert regionally-specific effects on brain, and the greater areas. Six groups of rats were handled and injected for 13 days before the test day. Four groups were given activity of c-fos in hippocampus is consistent with the heightened seizure susceptibility seen during withsaline injections each day, and two were given daily ethanol injections, and then returned to their home drawal. In both studies, it is possible that the increase in IEG expression was at least in part due to the concage. On the 14th day, rats were injected with either saline, an initial ethanol injection, or their 14th ethanol vulsive behavior rather than being specific to the ethanol withdrawal state per se. 10, 11 injection. Three groups were left in the home cage, and three were exposed to a novel environment, and Fos Shanley, Wilce and their colleagues have also used IEG expression to study ethanol's effects in rat protein was measured 2 h later. Acute alcohol injection induced IEG expression in brain. 12, 13 In one study, 12 prior injection of ethanol was shown to inhibit c-fos mRNA levels induced by the many brain areas, including nuclei of the extended amygdala (central but not basal or lateral nucleus, bed convulsant drugs pentylenetetrazole, picrotoxin, and NMDA, but not kainic acid. Ethanol itself was without nucleus of the stria terminalis, and both core and shell of the nucleus accumbens), the paraventricular thaleffect on c-fos. These experiments were conducted in whole brain, so regional specificity could only be amic nucleus and the nucleus of Edinger-Westphal, and many areas activated by stress, such as the parainferred from previous work that localized the response to the convulsants used. The drug doses ventricular nucleus of the hypothalamus (PVN), nucleus of the solitary tract (NTS), and neocortical employed were subconvulsant, so the influence of overt seizures (and their suppression by ethanol) could areas. 9 This pattern of results clearly resembles those seen in an earlier, similar study that used 17 or 24 daily be ruled out. In a subsequent study, ethanol blocked the elevations in Fos protein levels in cerebral cortex habituation injections, 16 but the earlier study did not report hippocampal levels. It is interesting that Ryabiinduced by both NMDA and pentylenetetrazole, but only blocked hippocampal increases by pentylenetetranin et al have earlier reported no increase in IEG expression following administration of a slightly zole. 13 The results discussed above underscore one of the higher dose of ethanol alone in a paradigm using only seven habituation injections. 17 Another study reported inherent difficulties of interpreting IEG expression data. Many behavioral endpoints (eg seizures) can that a single alcohol injection induced c-fos in PVN, but decreased c-jun expression in both PVN and hippothemselves induce IEG expression, so careful behavioral controls are necessary if IEG expression campus.
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Comparison of these various results underscores a results are to be meaningfully interpreted. Many (if not all) behavioral manipulations more subtle than seizure second caveat that should be kept in mind when interpreting IEG expression studies. When the behavioral induction affect IEG expression. In one study, 14 a fearconditioning paradigm was used in which rats were paradigm under investigation varies temporally, and, in the case of drug effects, varies as a function of dose, exposed to a novel environment. After 2 min, some groups were given a series of tone-foot shock pairings.
even what seem like minor changes in experimental protocols can yield different effects on IEG expression, Forty eight hours later, rats were placed back in the novel environment, and conditioned fear was measso results should not be extrapolated confidently to other situations. ured as the duration of behavioral freezing during a 20-s period. This period was followed by 20-s presentation Novelty also induced c-fos expression in many brain regions, 9 consistent with the earlier reports. 14,15 A of the tone, during which freezing was also measured. Separate groups of rats, similarly treated, were killed unique action of acute alcohol administration was to block the novelty-induced increase in Fos protein in 60 min after fear conditioning and neocortex and hippocampus were assessed for c-fos mRNA levels. several hippocampal regions. 9 Consistent with earlier reports, repeated alcohol injections lost their effectiveExposure to either the novel context or the context plus tone-shock pairings induced c-fos expression in ness to induce IEG expression in many brain areas, a phenomenon which could indicate the development of both cortex and hippocampus. In these experiments, some groups of rats were given ethanol before each drug tolerance. 9, 16 However, another unique finding from the current paper was that alcohol response day's exposure to the apparatus. Ethanol abolished the c-fos response to novelty and fear conditioning in the appeared to be enhanced in some brain areas after repeated injections. These areas included the medial hippocampus, and attenuated it in cortex.
14 Using a similar paradigm, in which fear conditioning was given and lateral preoptic nuclei and PVN of the hypothalamus, as well as the NTS. in multiple daily trials, others have reported that fearconditioned stimuli induce c-fos in both these struc-
The progressive sensitization of alcohol withdrawal responses has been suggested to contribute to the tures, as well as nearly all of 58 other brain structures studied. 15 worsening of alcohol dependence-related pathology over time through a phenomenon resembling kinThe current paper used similar exposure to a novel environment as the IEG-inducing stimulus. 9 The strong dling. [19] [20] [21] It is interesting that a similar (ie potentiated) increase in EEG spiking in rats repeatedly withdrawn investigation. It would seem useful to demonstrate that IEG induction has functional consequences and to from alcohol has been reported to occur with brainregional specificity, first developing in hippocampus demonstrate regional specificity of such effects. One approach to this might be through examination of mice and then spreading to additional brain areas. 22 The unique pattern of c-fos response to alcohol seen in hipwith a targeted IEG mutation. 25 Although c-fos knockout mice have skeletal problems and are of reduced pocampus was also present in parallel groups of rats tested with a lower acute dose of alcohol, which itself body size, they were capable of performing in both the visible and hidden platform variants of the Morris was largely ineffective in inducing c-fos. However, repeated low-dose ethanol did lead to increases in sevmaze, and in a water-escape T-maze task requiring animals to learn to turn to the right or the left. 26 Mutants eral brain areas, again resembling kindling of this response. 9 An alternative hypothesis is that the were impaired in both Morris maze tests, but the authors attributed this at least in part to sensorimotor increases represent conditioned responses in anticipation of the ensuing alcohol injection. Administration or motivational impairment. The recent availability of a fosB knockout with a range of deficits in maternal of a saline injection in place of the last alcohol injection could distinguish between these alternative behavior (eg pup retrieval) may also help to relate IEG expression to function. The fosB knockout has normal interpretations.
The IEG expression approach to brain mapping has hidden platform learning in the Morris maze. 27 Research in the area of IEG expression mapping, clearly matured. A reasonably consistent picture emerges that suggests a preferential susceptibility of exemplified by the current paper, has made nice progress toward the goal of relating brain areas to specific hippocampal areas to alcohol. Some studies suggest that alcohol might preferentially affect behavioral functions. One important method for achieving this goal is to seek convergent validity across methods. For responses, including particular forms of learning, that have been ascribed to hippocampal mediation. For example, Duncan et al 28 have shown that three tasks empirically thought to reflect anxiety in rats all elicited example, Matthews et al reported a pattern of disruptive effects of ethanol on some but not all radial arm increased levels of Fos in the same few brain areas. This paper attempted to control for effects of genmaze tasks of memory. Alcohol impaired spatial memory tasks, but not one requiring a response where spaeralized behavioral activation, and for stress, by using multiple tests of behavior. Despite the widely varying tial cues were not important. They suggested that this pattern demonstrated the hippocampal specificity of sensory and environmental conditions employed, there was marked consistency of response in the tasks modealcohol's effects. 23 As they noted, however, this finding is not entirely consistent with other literature.
ling anxiety. As future, well-controlled studies contribute, it may be possible to identify the site of action of While it is tempting to speculate that alcohol might exert its effects in alcoholics through some suppression even such apparently widely-acting drugs as ethanol. of hippocampal-specific processing, much additional work would be necessary to prove this conjecture. As Acknowledgements a previous News & Views has nicely elucidated, the specific role(s) subserved by the hippocampus in learnPreparation of this article was supported by PHS grants ing and memory is currently an area of controversy. 24 AA10760, AA05228 and DA06243, and a grant from The role of this structure in human and animal memthe Department of Veterans Affairs. Thanks to Charles ory may not be the same. Indeed, the conceptualization Goodlett for helpful discussions, and for many useful of memory types may be species-specific. 'Memory' is comments on a draft of this manuscript. a construct, and its integrity is inferred from performance of specific behaviors (eg maze arm choices) in spe-JC Crabbe cific tasks. It is likely not accurate to describe specific Alcohol Research Center tasks measuring rat behavior related to learning and Department of Behavioral Neuroscience and VA memory as being categorically 'hippocampallyMedical Center mediated' or not. Thus, difficulties are raised at several Portland, Oregon 97201, USA points: by the exquisite sensitivity of c-fos to induction by all manner of sensory and emotional stimuli and 
